Temporary abdominal closure (TAC) after damage control surgery (DCS) for injured patients has been generalized to septic patients. However, direct comparisons between these populations are lacking. We hypothesized that patients with intraabdominal sepsis would have different resuscitation requirements and lower primary fascial closure rates than trauma patients.
T emporary abdominal closure (TAC) gained notoriety with the advent of damage control surgery (DCS) and recognition that early physiologic resuscitation, rather than definitive surgical management, leads to improved outcomes after severe trauma and hemorrhagic shock. Stone et al. 1 described abbreviated laparotomy for a cohort of 31 trauma and emergency general surgery patients with major coagulopathy and exsanguinating hemorrhage in 1983. This approach involved repair of major vascular injuries, control of gastrointestinal and genitourinary injuries, packing the abdomen with laparotomy pads, and closing the fascia under tension with intention for interval laparotomy after resolution of coagulopathy. 1 Since that time, DCS and TAC have become important strategies in managing injured patients with hemorrhagic shock, hypothermia, acidosis, coagulopathy, and massive bowel edema. [2] [3] [4] [5] [6] Evolving indications for TAC have recently been clarified by expert review of current evidence. 7 These guidelines build on previous work emphasizing TAC as an important strategy for managing intra-abdominal sepsis to facilitate early diagnosis and treatment of residual infection, remove cytokine-rich peritoneal fluid, prevent abdominal compartment syndrome, and defer anastomosis until physiologic optimization. 4, 6, 8, 9 In addition, the utilization of abbreviated laparotomy and TAC for septic patients to facilitate timely physiologic resuscitation in the ICU may mitigate their risk for the morbidity and mortality associated with acute kidney injury (AKI). 10 Although TAC after DCS for hemorrhagic shock after trauma has been studied extensively, TAC of the septic abdomen has progressed at a more indolent pace.
Several authors have compared TAC outcomes across various etiologies, [11] [12] [13] [14] and guidelines from the World Society of Emergency Surgery have elucidated best practices in TAC management of intra-abdominal sepsis. A recent prospective observation study provided a detailed description of uninjured emergency general surgery TAC patients. 15 However, direct comparisons between injured and septic patients managed with TAC are lacking. Although both promote a robust pro-inflammatory innate immune response, injury and infection are different pathophysiologic insults treated with differing resuscitation strategies, and patients with intra-abdominal sepsis may be disproportionately affected by persistent inflammation and bowel edema. Therefore, better understanding of the essential differences between these patient populations may inform management decisions regarding resuscitation and operative strategy.
The purpose of this study was to compare TAC for traumatic abdominal injuries and intra-abdominal sepsis by identifying associations among pathophysiologic insult, resuscitation course, operative strategy, successful abdominal closure, and complications including intestinal fistula formation, fascial dehiscence, and mortality. We hypothesized that patients with traumatic injury and intra-abdominal sepsis would have different pathophysiologic characteristics and resuscitation requirements, and that primary fascial closure rates would be lower in septic patients.
METHODS
We performed a retrospective analysis of patients managed with TAC for traumatic injury or intra-abdominal sepsis at our institution over a 49-month period ending June 2015. Institutional Review Board approval was obtained. Study subjects were identified by identifying patients who had an operation by a surgeon in the Division of Acute Care Surgery with CPT code modifier 58 (planned reoperation) or 78 (unplanned reoperation). Inclusion criteria were age ≥18, TAC for traumatic injury or intra-abdominal sepsis, and survival for ≥24 hours after presentation. Exclusion criteria were initial exploratory laparotomy at an outside facility, pre-existing intestinal fistula, and initial laparotomy performed to address secondary abdominal compartment syndrome. Patients who initially presented with traumatic injury and developed a secondary infection necessitating laparotomy and temporary abdominal closure were excluded. Patients with necrotizing pancreatitis were excluded because of significant differences in the pre-and postoperative courses associated with this disease process.
During the study period, there was a general consensus on open-abdomen management within the Acute Care Surgery group. However, specific operative techniques were not protocolized during the study period and were ultimately at the discretion of the attending surgeon. All patients were managed with negative pressure wound therapy (NPWT) TAC with intention for planned relaparotomy and sequential fascial closure attempts at 24-to 48-hour intervals, favoring relaparotomy within 24 hours if possible. 16 During the study period, our institution followed strict postoperative resuscitation protocols for both trauma and sepsis patients, as previously described. [17] [18] [19] Sequential fascial closure was performed by placing successive simple interrupted or figure-of-eight sutures at the cranial and caudal ends of the fasciotomy, advancing toward the center of the wound until further closure would result in fascial disruption or elevated airway pressures. NPWT included primarily the use of individualized vacuum pack (i.e., Barker technique 20 ) and occasional use of commercial (ABThera system; KCI, San Antonio, TX) vacuum-assisted closure dressings. Primary fascial closure was performed by one of five methods: running slowly absorbable suture, running slowly absorbable suture with retention sutures, interrupted permanent or slowly absorbable suture, interrupted polyglactin suture, and interrupted polyglactin suture with retention sutures. Retention suture techniques included nonabsorbable external retention sutures placed through the full-thickness abdominal wall (penetrating both skin and peritoneum) and internal retention sutures placed within the abdominal wall (not penetrating skin or peritoneum) to evenly distribute tension on the fascia and reinforce the primary closure. Retention suture placement was performed only at the time of final primary fascial closure and not during sequential fascial closure. If visceral edema and/or critical loss of abdominal domain precluded primary fascial closure during the index hospital admission, a planned ventral hernia was created with biologic or polyglactin mesh bridge placement, split-thickness skin grafting, or a combination of the two. Clinical and laboratory data were recorded by physicianperformed chart review. Baseline characteristics for septic patients were assessed at the time of consultation with the Acute Care Surgery service. For patients surviving to discharge, long-term follow-up range was 3 months to 3 years depending upon clinic visit dates and availability of electronic medical record reports.
Hypothermia was defined as T min <35.0°C. Severe acidosis was defined as pH <7.20. Coagulopathy was defined as international normalized ratio (INR) >1.5 21 or coagulopathy on thromboelastograph (TEG) (rapid TEG with at least two of four conditions: activated clotting time [ACT] >142 s, clot formation [K] time >143 s, alpha angle <64°, and maximum amplitude [MA] <52 mm; or standard TEG with at least two of four conditions: reaction time >600 s, K time >180 s, alpha angle <53°, and MA <50 mm). Critical loss of abdominal domain was determined by individual surgeon clinical judgment that the abdominal cavity was unable to accommodate the abdominal contents within fascial boundaries. Acute respiratory distress syndrome (ARDS) was defined according to Berlin criteria. 22 Acute kidney injury (AKI) was defined as a twofold increase in serum creatinine. 23 Multiple organ failure (MOF) was defined as dysfunction or failure of at least two organ systems such that homeostasis could not be maintained without intervention. 24, 25 Statistical analysis was performed using SPSS version 23 (IBM, Armonk, NY) to perform the Kruskal-Wallis test and Fisher's exact test to assess differences between injured and septic patients as appropriate. pH values were missing at random (MAR) for two patients (1%). Both TEG and INR were MAR for eight patients (4%). Analysis was performed on the available data without imputing missing data. Categorical variables were reported as n (%); continuous variables were reported as median [interquartile range]. Multiple logistic regression was performed to identify factors associated with planned ventral hernia formation, intestinal fistula formation, and ARDS. Independent variables were identified by significant correlation (r > 0.2) to the outcome variable, excluded for collinearity with other dependent variables, and entered into the regression equation. Independent predictors were reported as odds ratios (OR) with 95% confidence intervals. The strength of models predicting failure to achieve primary fascial closure for trauma and sepsis patients was assessed by calculating the area under the receiver operating characteristic curve (AUROC) with 95% confidence interval. The Hosmer and Lemeshow test was performed to ensure that model significance was ≥0.05.
RESULTS

Trauma Cohort
Seventy-seven trauma patients were included (Table 1) . Fifteen patients (19%) had penetrating injuries; median injury severity score was 32. Trauma patients had high rates of hypothermia (31%), severe acidosis (27%), and coagulopathy (68%) at presentation (Table 2) . Forty-eight hours after admission, hypothermia and acidosis each affected 3% of all trauma patients, and the incidence of coagulopathy decreased to 31% (Table 3) . Net fluid balance at 48 hours was 7.2 L positive. Total crystalloid administration was 8.3 L, and median PRBC and FFP administration was 6 U and 5 U, respectively. Among 58 patients surviving to discharge, primary fascial closure (PFC) was achieved in 52 (90%). Independent predictors of failure to achieve PFC included ≥2.5 L NPWT output at 48 hours, ≥10 L crystalloid administration at 48 hours, and ≥10 U PRBC + FFP at 48 hours.
Sepsis Cohort
One hundred forty-seven sepsis patients were included (Table 1) . Sepsis patients were older than trauma patients (age 61 years vs. 44 years) and included equal proportions of male and female subjects ( Table 2) . Rates of hypothermia, acidosis, and coagulopathy on admission were each significantly lower in the sepsis cohort; vasopressor infusion requirements were higher (46% vs. 27%). Forty-eight hours after presentation, septic patients had persistently high rates of vasopressor requirement (37%) despite having net fluid balance 6.7 L positive. Septic patients also had higher incidence of AKI and MOF (Table 4 ). Among the 112 septic patients who survived to discharge, PFC was achieved in 85 (76%). Performance of relaparotomy within 48 hours increased the probability of PFC; performance of ≥3 diagnostic/therapeutic laparotomies was associated with failure to achieve PFC (Table 5 ). Post-discharge deaths rates were significantly higher in the sepsis cohort (21% vs. 9%, p = 0.047, follow-up range 3 months-3 years).
Total Study Population
Ninety-five percent of all primary fascial closures occurred within 1 week of presentation (Fig. 1) . Incidence of fascial dehiscence was not significantly different among fascial closure techniques: running slowly absorbable suture (4/61), running slowly absorbable suture with retention sutures (3/49), interrupted permanent or slowly absorbable suture (1/24), interrupted polyglactin suture (0/11), and interrupted polyglactin suture with retention sutures (1/9). Among patients surviving to discharge, the long-term incidence of intestinal fistula was 7% (11/170) and was significantly higher in planned ventral hernia patients compared to patients with primary fascial closure (Fig. 2) .
Patients who had ≥18 days between polyglactin 910 mesh placement and interval STSG had higher incidence of intestinal fistula than patients with a <18-day interval, though this association did not reach statistical significance. Factors associated with fistula formation included longer duration of TAC therapy (OR 1.6, 95% CI 1.0-2.6, p < 0.038) and planned ventral hernia formation (OR 117.7, 95% CI 4.1-3,354.5, p = 0.005) (model AUROC = 0.973 [95% CI 0.942-1.00], Hosmer and Lemeshow significance = 0.961). Additionally, patients whose primary fascial closure included retention suture placement had lower incidence of intestinal fistula formation than patients closed without retention sutures (2% [2/86] vs. 11% [9/84] , p = 0.026). Both fistulas in the retention suture group occurred in patients who had external retention sutures (2/33); there were no fistulas among patients closed with internal retention sutures (0/53).
Only three of 38 (8%) patients discharged with a planned ventral hernia underwent interval abdominal wall reconstruction. One patient developed painful hernia incarceration, and it was repaired. The other two abdominal wall reconstruction cases were performed in conjunction with enterocutaneous fistula takedown. All three reconstructions involved components separation with mesh reinforcement, and occurred at 676, 684, and 746 days after initial laparotomy. The other 35 patients discharged with a planned ventral hernia either were not suitable operative candidates, were offered reconstruction but deferred, or were lost to follow-up.
DISCUSSION
Our results indicate that trauma patients and intra-abdominal sepsis patients have different physiologic characteristics, resuscitation requirements, and outcomes after TAC. Vasopressor requirements were persistently higher in septic patients despite roughly equal net fluid balance and greater crystalloid infusion volumes for injured patients, which may reflect differences in resuscitation strategies for hemorrhagic shock and distributive shock. Lower rates of primary fascial closure among septic patients may be related to their propensity for persistent inflammation and bowel edema and necessity for frequent washouts because of contamination. The observation that septic patients had lower fascial closure rates than trauma patients despite similar number of operations, days between operations, and days to closure may have been attributable to persistent massive visceral edema, prompting early planned ventral hernia formation rather than subjecting the patient to prolonged open abdomen therapy and multiple laparotomies, risking intestinal fistula formation. 26 The nonsignificant trend toward increased incidence of intestinal fistula formation in patients with longer interval between polyglactin 910 mesh placement and STSG may be attributable to mesh erosion into the bowel. Increased mortality after discharge among septic patients may reflect the advanced age of this group and the propensity of the septic population to develop the persistent inflammatory, immunosuppressed, catabolic syndrome (PICS) described by Rosenthal and Moore, 27 particularly in the context of higher rates of AKI and MOF.
A previous study found that trauma patients had higher rates of fascial closure, a trend toward lower incidence of enterocutaneous fistula (12% vs. 16%), and lower mortality (20% vs. 36%) compared to patients with abdominal sepsis or necrotizing pancreatitis. 11 However, only 29% of patients in this study achieved primary fascial closure, which may be a result of the inclusion of a substantial proportion of patients with necrotizing pancreatitis. 11 Other authors have also concluded that achieving abdominal closure is more likely in nonseptic abdomens than in patients with intra-abdominal sepsis when using NPWT plus sequential closure, 13, 14 which is likely related to persistent inflammation and bowel edema among patients with intra-abdominal sepsis. A retrospective review of 103 patients managed with TAC at a Level I trauma center found no differences in primary closure rates, fistula development, or mortality between injured and noninjured patients. 12 However, infection and mesenteric ischemia only contributed to 39 out of 87 cases of TAC for nontrauma patients, limiting direct comparison between TAC for the septic abdomen and the traumatic abdomen. 12 The potential benefits of a short duration between polyglactin mesh bridge placement and mesh excision and STSG placement have been previously reported by Jernigan et al., 28 who postulated that this strategy prevented mesh erosion into the bowel. In a review of 274 patients with giant abdominal wall defects, subjects who developed a fistula had an average 27-day interval between mesh placement and wound coverage compared to an 18-day interval in patients without fistula formation ( p = 0.04). 28 The major limitations of this study are its retrospective design, the fact that long-term data were dependent upon clinic visit dates and availability of electronic medical record reports, and propensity to generate false-positive results by making multiple comparisons. Despite these limitations, we sought to provide a direct comparison between injured and septic patients, as these two populations are often considered in isolation or bundled together. Better understanding of the differences between these cohorts may promote development of management strategies tailored more precisely to underlying pathophysiology. Currently, we are implementing a protocol with the goal of limiting crystalloid resuscitation volumes, increasing primary fascial closure rates, and decreasing intestinal fistula rates by employing strictly standardized TAC technique, direct peritoneal resuscitation, and 3% hypertonic saline intravenous resuscitation. [29] [30] [31] [32] Surgical techniques providing continuous fascial traction may also facilitate late primary fascial closures, 33, 34 achieving the bimodal frequency distribution of TAC duration described in TAC literature. 35 We also plan to use biologic mesh to bridge small fascial defects when skin flap coverage is feasible, because of findings that biologic meshes may have a lower propensity for infectious wound complications than synthetic meshes, 36 and may often be salvaged when infection does occur, avoiding the necessity for mesh explantation. 37 
CONCLUSIONS
Trauma and intra-abdominal sepsis patients exhibit distinct pathophysiologic insults and resuscitation requirements after damage control laparotomy. Injured patients are more likely to achieve primary fascial closure than septic patients when they are managed with the same planned relaparotomy and sequential fascial closure protocol. Failure to achieve primary fascial closure in trauma patients was attributable to the triad of hypothermia, acidosis, and coagulopathy persisting 48 hours after presentation, whereas failure to achieve fascial closure in septic patients was dependent upon operative course. Specific adjunctive therapies and techniques may be necessary to avoid planned ventral hernia formation and associated complications in patients with intra-abdominal sepsis requiring damage control laparotomy. 
